Sodium fluoride (20 mM) effected rapid hydrolysis of phosphatidylinositol bisphosphate (PIP2) in human neutrophils. Intracellular free Ca2+ levels increased after PIP2 hydrolysis but before respiratory burst activation. Both the increase in intracellular free Ca2+ levels and the extent of functional activation were dependent on the availability of extracellular Ca2+. The rate of F--
Introduction
The involvement of the phosphatidylinositol (PI)' cycle in neutrophil signal transduction and its role in Ca2+ mobilization in these cells has been a matter of considerable controversy. While several studies have demonstrated that certain agonsists, including n-formyl-methionyl-leucyl-phenyalanine (FMLP), opsonized zymosan, ionophore A 23187, and hexachlorocyclohexane, do effect hydrolysis of phosphoinositides in neutrophils and other myeloid cells ( 1-15), it is not clear whether these changes result from, are independent of, or lead to mobilization ofintracellular Ca2 . Conditions under which hydrolysis ofneutrophil phosphoinositides is not accompanied by Ca2+ mobili-1. Abbreviations used in this paper: FMLP, h-formyl-methionyl-leucylphenylalanine; mBSS, modified Hanks' balanced salt solution; PA, phosphatidic acid; PC, phosphatidylcholine; Pi, inorganic phosphate; PI, phosphatidylinositol; PIP, phosphatidylinositol 4-monophosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; PS, phosphatidylserine; TLC, thin layer chromatography. zation (16) and increases in intracellular free Ca2" levels occur in the absence of PI cycle activation have been described (17) . Several investigators have concluded that phosphoinositide hydrolysis and other phospholipid changes in stimulated neutrophils are dependent on prior Ca2" mobilization (1, 5, [12] [13] [14] .
Others have provided evidence in support ofthe view that phosphoinositide hydrolysis is an early event in the activation sequence that does not require prior Ca2" mobilization and may in fact lead to release of Ca2+ from intracellular stores (2-4, 7-9, 1 1). In support ofthis possibility, Smith et al. recently demonstrated that FMLP, in the presence of guanine nucleotides and low levels of ionized calcium (10 nM) activates a phospholipase C that catalyzes the hydrolysis of phosphatidylinositol monophosphate (PIP) and phosphatidylinositol bisphosphate (PIP2) in neutrophil plasma membrane preparations (18) . While such evidence suggests that phosphoinositide hydrolysis is not secondary to Ca2+ mobilization, it has also been noted that membrane phospholipase C activity is also efficiently induced by Ca2+ (19) . Furthermore, it is clear that phosphoinositide hydrolysis can be directly stimulated by elevating the intracellular free Ca2+ concentration in phagocytic cells (14) . Thus, the relationshipi of phospholipid changes to neutrophil Ca2+ mobilization remains unsettled.
Most studies ofthe involvement ofthe PI cycle in neutrophil signal transduction performed to date have employed FMLP as the cell stimulus. However, there are certain problems and limitations inherent in experiments in which this stimulus is exclusively used. First, neutrophil responses to FMLP occur almost immediately after stimulation (20) (21) (22) (23) (24, (26) (27) (28) (29) . Neutrophil responses to other metabolic stimuli are not similarly inhibited by pertussis toxin (24, (29) (30) (31, 32) . Finally, NaF induces a slow rise in neutrophil intracellular free Ca2' (30) . Although this rise in cellular Ca2+ begins after a distinct lag period, it seems to occur sooner than the commencement of O2 release and may play a pivotal role in the activation process.
In this investigation, we first determined if the PI cycle was activated when neutrophils were exposed to fluoride by comparing individual phospholipid and inositol phosphate levels in stimulated and resting cells. Then, we defined the kinetics of NaF-induced changes of individual PI cycle metabolites to were obtained from New England Nuclear, Boston, MA. Phospholipid standards, including phosphatidic acid (PA), PIP2, PIP, PI, phosphatidylcholine (PC), and phosphatidylserine (PS) were obtained from Sigma Chemical Co., St. Louis, MO. 32P-labeled inositol trisphosphate, containing low but detectable amounts of 32P, and 32P-inositol bisphosphate was generated by Ca2' treatment of 32P-labeled erythrocyte membrane ghosts according to the method of Downes and Michell (33) . Preparations of labeled inositol phosphates were characterized using anion exchange chromatography with Dowex 1-X8 and by high performance liquid chromatography on a Partisil SAX-I column as described below.
Measurement ofN2P-labeledphospholipids. Neutrophils were prepared from human blood after Ficoll-Hypaque density gradient centrifugation (21) . Cells were washed and resuspended in modified Hanks' balanced salt solution (mBSS) containing 10 mM Hepes instead of phosphate buffer at a concentration of 1 X 108 cells/ml. Cells were then incubated with 32Pi (500 MCi/ml) for 90 min at 37°C, washed three times with mBSS, and resuspended in the same buffer at a concentration of 2 X 107 cells/ml. The phosphate-free buffer used during cell preparation and incubation of cells with 32Pi contained 0.5 mM CaCl2. CaC12 (0.5 mM) was included or excluded from the media used to wash and resuspend labeled cells as indicated in the results. In some experiments, cells were washed three times in mBSS containing 2.5 mM EDTA after labeling with 32P1. Cells washed with mBSS containing EDTA (Ca2+-depleted cells) were resuspended in Ca2+-free mBSS which also contained 2.5 mM EDTA.
Phospholipids were extracted from 32P-labeled cells after stimulation with fluoride. In these experiments, 0.5 ml of the cell suspension (107 cells) was treated with 20 mM NaF (or NaCl) in a final volume of 1. phosphate values were determined using cells exposed to NaCl under similar conditions. The volume of cells used for each determination was 300 ,1. NaF or NaCl was added from 150 mM stock solutions. LiCl (10 mM) had no influence on inositol phosphate recovery and was not used in the experiments reported. After stimulation, incubations were terminated by addition of an equal volume (347 Ml) of cold 15% TCA. The acid-treated suspensions were extracted four times with 4 ml of diethyl ether, centrifuged, and neutralized with sodium tetraborate. Samples were diluted to 4 ml and applied to a l-ml bed volume column ofDowex-1 (AG 1-X8, 200-400 mesh, formate form) as previously described (33) . After washing the column with 0.1 M formic acid, inositol monophosphate, inositol bisphosphate, and inositol trisphosphate were eluted with 15 ml of 0.2, 0.5, and 1.0 M ammonium formate (each in 0.1 M formic acid), respectively. The resolution of the columns was confirmed with [32P]inositol trisphosphate prepared from erythrocyte membranes. Fractions (2 ml) were collected and assayed for radioactivity after dilution in 4 ml of Ready Solv MP scintillation fluid (Beckman Instruments Inc., Fullerton, CA).
Intracellular Ca2" determinations with Fura-2. Neutrophils were loaded with the intracellular Ca2" probe Fura-2 by incubation with Fura-2 acetoxymethyl ester (Fura-2 AM) as described by Kruiskal et al. (34) . Fura-2 AM, obtained from Molecular Probes Inc., Junction City, OR, was dissolved in dimethylsulfoxide at a concentration of 1.0 mM. Cells were incubated in mBSS (containing 1.0 mM CaCl2) with 5 MM Fura-2 AM for 30 min at 37°C, washed twice, and resuspended in mBSS at a concentration of 10' cells/ml. Fluorescence measurements were made in a MPF-66 spectrofluorimeter (Perkin-Elmer Corp., Norwalk, CT) set at 37°C. Ca2+ was added or cells were depleted ofCa2' before fluorescence measurements as indicated. In most experiments, fluorescence changes were monitored continuously after stimulation of 2 X 106 cells in 1 ml using an excitation wavelength of 340 nM, an emission wavelength of 510 nm and a slit width of 10 nm. In addition, the fluorescence ratios at 340 and 380 nm excitation in resting and stimulated cells are expressed, because these ratios reflect relative intracellular free Ca2+ levels (35) . In control experiments, we determined that fluoride ions had no direct effect on Fura-2 fluorescence at either 340 or 380 nm.
Neutrophil superoxide generation. Superoxide release was measured by quantitating superoxide dismutase inhibitable reduction ofcytochrome c as previously described (21) . Cells were treated in a manner identical to that used for phospholipid determinations except for the addition of cytochrome c. In control experiments, cytochrome c was found to have no influence on phospholipid changes induced by exposure ofneutrophils to NaF.
Subcellularfractionation. Release of radioactivity and hydrolysis of phosphoinositides in cell-free membrane preparations from 32P-labeled neutrophils was determined using methods similar to these described by Cockcroft et al. (19) . Cells were preincubated with 32P as described above, washed, and resuspended in buffer containing 0.13 M NaCI, 0.34 M sucrose, and 1.0 mM EGTA. Cells were then sonicated with three 15-s bursts at 30% power in a Fisher 300 sonic dismembrator. Sonicates were centrifuged at 800 g for 10 min to remove intact cells and debris. The supernatants were layered over a cushion of 40% sucrose (wt/vol) and centrifuged in a swinging bucket rotor at 150,000 g for 30 min. The top layer (sample application zone) was removed and the entire 40% sucrose layer containing plasma membranes was saved. Whereas activity of the plasma membrane marker alkaline phosphatase was increased over fivefold (determined as units per milligram protein) in these preparations, activity ofthe granule enzyme markers lysozyme and myeloperoxidase, while detectable, was diminished to < 5% of that in whole-cell lysates. The tightly packed pellet that contained most of the azurophilic and specific granule markers was discarded. Membranes were diluted with 5 vol of20 mM Hepes in I mM EGTA (pH 7.0), recentrifuged for 30 min at 150,000 g, and resuspended in 20 mM Hepes-0. 1 mM EGTA (pH 7.3) at a concentration of -5 mg protein/ml. Labeled membranes (100 Al) were incubated with 20 mM NaF or NaCl in a final volume of 1.0 ml of20 mM Hepes-0. 1 mM EGTA. In some experiments, membranes were exposed to 0.5 mM CaCl2 instead of 20 mM NaF. After 10 min, incubations were terminated by the addition of 250 AI cold 15% TCA, and the precipitate was pelleted by centrifugation (80,000 g, 10 min). Pellets were extracted with chloroform/methanol/HCI and chromatographed as described above to separate cellular phospholipids. Supernatants of the TCA extracts were assayed for radioactivity by determination of Cherenkov radiation. After counting, supernatants were extracted with ether to remove TCA, neutralized, diluted with 3 vol of water, and analyzed by high performance liquid chromatography. Samples were applied to a Partisil 1-SAX anion exchange column and eluted with a gradient of ammonium formate as described by Hawkins et al. (36) . Fractions of 1.0 ml were collected and assayed for radioactivity in a liquid scintillation counter. The elution positions ofinositol phosphates and inorganic phosphate were confirmed using standards from 32P-labeled erythrocytes. Inositol-l-monophosphate is not detected by this method since the 1-phosphate is not labeled (see references 33 and 37). In each separation, the elution position of the first peak of radioactive material corresponded to that of 32p; from New England Nuclear. The identity offractions thought to contain inorganic phosphate was further confirmed using the ammonium molybdate organic extraction method described by Downes et al. (37) . Inositol bisphosphate and inositol trisphosphate were well resolved from each other and from 32Pi by the method described.
In some experiments, F-stimulated release of inositol phosphates Changes in intracellular free Ca2+ levels were monitored spectrofluorometrically after exposure of Fura-2-loaded neutrophils to 20 mM NaF. When cells were exposed to NaF in the presence of extracellular Cla2+ (0.5 mM), intracellular (a2+ levels began to rise 2 mmn after stimulation, as indicated by an increase in relative fluorescence intensity at 340 nm excitation (Fig. 2) . Ca2+ levels in F--treated neutrophils continued to increase slowly over the next 10 min. When Ca2+ was not included in the suspending medium, the Fura-2 response was markedly attenuated (Fig. 2) . Further attenuation of the Fura-2 response was obtained when cell Ca2+ levels were depleted with EDTA. The determination of cytoplasmic free Ca2+ concentrations from Fura-2 fluorescence responses is problematic (35, 38) . Much of this difficulty is due to the effects of the cytoplasm on fluorescence properties ofthe dye. Thus, (a2+ levels calculated from ratios of fluorescence at 340 and 380 nm may be much lower than levels actually present (39 (Table II) .
Phospholipid changes and Ca2" mobilization. Fig. 3 A shows the kinetics of PIP2 hydrolysis in neutrophils exposed to 20 mM at least partially dependent on elevated cytosolic Ca2" (Fig. 3, B-D). Fig. 3 Increases in PI levels of neutrophils exposed to NaF were also partially dependent on extracellular Ca2+. After a rapid initial increase, PI levels slowly increased for up to 30 min when extracellular Ca2+ was present (Fig. 3 C) . In the absence of extracellular Ca2+, no further increase in PI levels occurred after 10 min. When plotted together, late increases in PA and PI levels in F--stimulated cells displayed a strong dependence on the presence of extracellular Ca2+ (Fig. 3 D) .
Ca2`and F--mediated hydrolysis ofphosphoinositides in neutrophil membranes. To examine the influence of F-on membrane phospholipids in a cell-free system, we isolated a light-membrane fraction from 32P-labeled neutrophils, washed it by ultracentrifugation in a Ca2+-free medium and resuspended it in buffer containing 0.1 mM EGTA and no added calcium. Ca2+ (0.5 mM) effected the breakdown ofover 40% ofboth PIP2 and PIP in these membranes (Fig. 4) (19) . Sodium fluoride (20 mM) similarly provoked a substantial release of radioactivity from neutrophil membranes. Radioactivity in supernatants of fluoride-treated membranes was 43±11% higher (mean±SD, n = 5) than radioactivity in supernatants of untreated membranes. Increasing the concentration of EGTA from 0.1 to 1.0 mM did not alter F--stimulated release of membrane radioactivity (not shown). The distribution of radioactivity released when neutrophil membranes were exposed to F-is illustrated in Fig. 4 . Like supernatants of Ca2`-treated membranes, most of the 32P activity released was recovered as inorganic phosphate. The remainder was recovered in fractions containing inositol bisphosphate and, to a lesser extent, inositol trisphosphate. Associated with liberation of membrane radioactivity, 20 mM F-effected the specific hydrolysis ofmembrane PIP2. Unlike Ca2+, F-had little influence on levels of 32P-labeled PIP in membrane preparations. Levels of other phospholipids, including PI and PA were only slightly altered after incubation of neutrophil membranes with F- (Fig. 4) .
The ability of F-to effect release of radioactivity from [3H]inositol-labeled neutrophil plasma membranes was also determined. In two experiments, 20 .0 mM NaF increased the release of radioactivity from [3H]inositol-labeled membranes by > 50%. The distribution of radioactivity in these supernatants was analyzed by Dowex-1 anion exchange chromatography. Supernatants of resting membranes contained detectable amounts of inositol monophosphate, inositol bisphosphate, and inositol trisphosphate. Levels of each of these three inositol phosphates were consistently and significantly increased by exposure to F-. from phosphatidylinositol cycle activation (40) (41) (42) . In comparison to unstimulated cells incubated at 370C, fluoride-treated cells rapidly lost 32P-labeled PIP2 and accumulated phosphatidic acid, phosphatidylinositol, and soluble inositol phosphates. Phospholipid changes and inositol phosphate generation effected by fluoride may result from the action of PIP2-specific phospholipase C. Diacylglycerol, generated as a result of PIP2 hydrolysis, may rapidly be converted to phosphatidic acid by neutrophil diacylglycerol kinase. Phosphatidylinositol generated in fluoride-treated neutrophils is probably derived from subsequent metabolism of newly synthesized phosphatidic acid. The other product of PIP2 hydrolysis by phospholipase C, namely inositol trisphosphate, was not recovered in appreciable quantities in fluoride-treated neutrophils. We (4, 5, 7, 9) .
There is considerable disagreement concerning the relation- Membranes were isolated from [3H]inositol-labeled neutrophils and incubated with 20.0 mM NaCl (resting) or NaF for 10 min at 370C. Total radioactivity in F--treated supernatants was 74.8% higher than that of resting supernatants in experiment 1 and 53% higher in experiment 2. Activity in each inositol phosphate fraction is expressed as counts per minute, as determined by liquid scintillation counting. The counting intervals were adjusted so that each count was obtained with a deviation of < 2%. The total counts recovered in inositol phosphate fractions were -80% of those applied to the column. The remainder of activity was recovered in fractions containing free inositol and glycerophosphoinositol, eluted with water and 60 mM ammonium formate/5 mM sodium tetraborate, respectively. Differences in levels of each inositol phosphate recovered after Dowex-I anion exchange chromatography were statistically significant (P < 0.05). 
